A two-step swelling method was used for preparing porous poly(ionic liquid)s based on the copolymer of 1-allyl-3-methylimidazolium tetrafluoroborate and acrylonitrile P([AMIM]BF 4 -AN), the copolymer of 1-allyl-3-methylimidazolium hexafluorophosphate and acrylonitrile P([AMIM]PF 6 -AN), and poly(vinylbenzyl trimethylammonium) tetrafluoroborate P[VBTMA]BF 4 . The characteristics of the polymers were assessed via FT-IR spectroscopy, scanning electron microscopy (SEM) and CO 2 adsorption. The results indicated that the seed-swelling method was more effective in improving the CO 2 adsorption capacity of imidazolium-based P([AMIM]BF 4 -AN) containing the [BF 4 ] − anion. Exchanging [BF 4 ] − for [PF 6 ] − in the imidazolium-based poly(ionic liquid) led to almost the same CO 2 adsorption as exhibited by the corresponding non-swelling copolymer. Moreover, the CO 2 adsorption capacity of ammonium-based P[VBTMA]BF 4 when treated by the seed-swelling method decreased considerably.
INTRODUCTION
Carbon dioxide is one of the gases most responsible for the greenhouse effect (Haszeldine 2009). Several strategies have been proposed for CO 2 capture, such as chemisorption and the use of zeolites and polymeric membranes (Yang et al. 2008; Hanioka et al. 2008) . However, such methods exhibit ready volatility, low adsorption or difficult desorption. The recent concept of using ionic liquids (ILs) for CO 2 capture is gaining interest due to the unique characteristics of such liquids, e.g. their wide liquid range, thermal stability, negligible vapour pressure, tuneable physicochemical character and high CO 2 solubility (Bates et al. 2002; Baltus et al. 2005; Liu et al. 2008; Carvalho et al. 2010) . Important drawbacks much discussed in the case of ILs are their high viscosity and slow adsorption/desorption rates for practical use (Hasib et al. 2010) .
To overcome these problems, the use of designed polymerized ionic liquids would appear to be effective. Experiments conducted with ionic-liquid polymers have shown that these materials exhibit superior CO 2 adsorption behaviour to ionic liquids at room temperature (Tang et al. 2005a,b; Blasig et al. 2007) . Recently, we synthesized the porous copolymer of 1-allyl-3methylimidazolium tetrafluoroborate and acrylonitrile P([AMIM]BF 4 -AN) by the seed-swelling method (Zhu et al. 2010) . Adsorption experiments showed that the corresponding porous particles possessed a higher CO 2 sorption capacity than their non-porous counterparts. To further understand the effects of the seed-swelling method on the chemical structure of poly(ionic liquid)s, ammonium-based poly(vinylbenzyl trimethylammonium tetrafluoroborate) (P[VBTMA]BF 4 ) and the imidazolium-based copolymer of 1-allyl-3-methylimidazolium hexafluorophosphate and acrylonitrile P([AMIM]PF 6 -AN) with [PF 6 ] − anions were respectively examined.
Previous studies have shown that the effects of the anion, cation and the backbone of poly(ionic liquid)s on the CO 2 sorption capacity differ from those of room-temperature ionic liquids (Tang et al. 2005a,b) . In an attempt to understand these effects, we report herein a detailed study of the adsorption of CO 2 by poly(ionic liquid)s prepared by seed-swelling polymerization.
EXPERIMENTAL

Materials
Vinylbenzyl trimethylammonium chloride (97%), sodium tetrafluoroborate (98%), potassium hexafluorophosphate (99%), ether (99%), N,N-dimethylformamide (99.8%), acetonitrile (99.0%), sodium dodecyl sulphate (99.7%), di-n-butyl phthalate (99.5%), n-heptane (97%), methylbenzene (99.5%), cyclohexane (99.5%), benzoyl peroxide (98.0%), poly(vinyl alcohol) (99.0%, M.W. = 1750 ± 50 Da) and methanol (99.5%) were used as received. 2,2′-Azobisisobutyronitrile (AIBN) was recrystallized in acetone.
Measurements
The porous polymer particles were dried and degassed at 100 °C under vacuum for 3 h to remove moisture or other volatile contaminants. IR spectra were obtained using a Thermo Scientific Nicolet 380 infrared spectrometer, while morphologies were examined on an S-30000N scanning electron microscope. The adsorption isotherms of CO 2 on the various substrates were measured using a Quantachrome Autosorb-1-MP instrument, thereby allowing the corresponding CO 2 adsorption capacities to be obtained. Carbon dioxide was introduced into the chamber as the adsorbate under a pressure of 1.33 µPa to 0.101MPa at 0 °C. DFT analyses was used to calculate the pore-size distribution (PSD) and the pore structure parameters.
Synthesis of poly(ionic liquid)s by seed-swelling polymerization
The respective copolymers of [AMIM]PF 6 and [AMIM]BF 4 with acrylonitrile in a 70:30 monomer ratio were prepared by free-radical polymerization (Zhang et al. 2009 ). Vinylbenzyl trimethylammonium tetrafluoroborate ([VBTMA]BF 4 ) was synthesized via an ion-exchange reaction and transformed into the corresponding ionic liquid polymer by free-radical polymerization (Tang et al. 2005a,b) . The polymerization seed particles were then transformed into porous particles using a two-step swelling method developed in our laboratories. The procedure for synthesizing porous P([AMIM]BF 4 -AN) with n-heptane as a pore-forming agent has been described in detail elsewhere (Zhu et al. 2010) . Similarly, porous P([AMIM]PF 6 -AN) and P[VBTMA]BF 4 were prepared using the corresponding pore-forming agents. The structures of P([AMIM]BF 4 -AN), P([AMIM]PF 6 -AN) and P[VBTMA]BF 4 are depicted in Figure 1 overleaf.
The pore-forming process may be briefly described as follows. Poly(p-vinylbenzyl trimethylammonium tetrafluoroborate) seed particles (0.40 g) were emulsified in an aqueous medium (100 m ) which included 0.25 w/w% sodium dodecyl sulphate (SDS) as the emulsifier. To promote emulsification, the aqueous SDS solution was sonicated for 15 min in an ultrasonic water bath at room temperature. Then n-heptane (16 m ) was added as the pore-forming agent while stirring at 30 °C for 10 h to allow the absorption of the pore-forming agent by the P[VBTMA]BF 4 seed particles. In the next step, a monomer phase comprising of [VBTMA]BF 4 (3 g, 11.40 mmol) and benzoyl peroxide (BPO) (0.1 g, 0.41 mmol) was added to the aqueous dispersion of swollen seed particles. The emulsion obtained was stirred at 30 °C for 10 h to effect the absorption of the monomer phase by the swollen P[VBTMA]BF 4 seed particles. At the end of this period, an aqueous solution (22 m ) containing 5.0 wt% poly(vinyl alcohol) (PVA) was added to the resulting emulsion. The polymerization of the monomer phase in the swollen seed particles was performed by stirring at 70 °C for 10 h. This polymerization step was conducted in the presence of PVA as the stabilizer. The smaller-sized particles formed as a by-product in the re-polymerization process were removed via a centrifugation/decantation procedure. The white powder precipitated was washed extensively with de-ionized water and methanol. Finally, the particles were dried under vacuum at room temperature. The yield was about 65%. Analyses: IR (ν max , cm −1 ) of P([AMIM]PF 6 -AN): 3156, 3109 (C-H, aromatic); 2847 (C-H aliphatic); 1570, 1430 (frame, aromatic); 2252 (CϵN); 843 (P-F). IR (ν max , cm −1 ) of P[VBTMA]BF 4 : 3650, 3430 (N-H); 3050 (C-H, benzene ring); 2930, 2850 (CH 2 ); 1660, 1490 (C=C, benzene ring); 1380 (R 3 C-H); 1060 (B-F).
RESULTS AND DISCUSSION
SEMs of poly(ionic liquid)s
The scanning electron micrographs (SEMs) of the respective poly(ionic liquid)s obtained by the seed-swelling method are shown in column (a) of Figure 2 overleaf, while the seed particles synthesized by free-radical polymerization included as a reference are shown in column (b) of the same figure. From Figure 2 , it can be clearly seen that the imidazolium-based polymeric particles P([AMIM]BF 4 -AN) and P([AMIM]PF 6 -AN) were non-porous, while the particles treated by the seed-swelling method were porous. The SEMs also indicate that the ammonium-based particles P[VBTMA]BF 4 were porous.
Effect of the structure of the poly(ionic liquid)s on CO 2 sorption
The nature of the pore-forming agent is one of the most important parameter that influences the preparation of porous particles by the two-step swelling method. Experiments in cyclohexane, toluene, di-n-butyl phthalate (DBP) and n-heptane, respectively, as poreforming agents were carried out for three kinds of poly(ionic liquid)s. It was found that particles prepared with these different pore-forming agents exhibited different CO 2 adsorption capacities. To obtain the maximum CO 2 adsorption capacity for the poly(ionic liquid)s treated by the swelling method, the corresponding pore-forming agents selected in the present study were a mixture of n-heptane (16 m ) and di-n-butyl phthalate (DBP) (1.4 m ) for Equilibrium data for the polymers before and after swelling are listed in Table 1 . As can be seen, CO 2 adsorption studies of P([AMIM]BF 4 -AN) indicated that, when 1.0 g of the sample was exposed to dry CO 2 , mass gains of 3.2 mg (0.32 wt%) and 14.3 mg (1.43 wt%) were observed for the copolymer and for the porous particle, respectively, at 0 °C and 0.101 MPa. Thus, the CO 2 solubility in the porous particle was higher than that in the copolymer at the same temperature and pressure. However, the CO 2 sorption capacity of porous P([AMIM]PF 6 -AN) was almost the same as that of the corresponding copolymer. No adsorption advantage was exhibited by the P[VBTMA]BF 4 particles obtained by the seed-swelling method, indeed the CO 2 adsorption capacity of such particles showed an appreciable reduction. It is not unreasonable to assume that the difference in the CO 2 adsorption capacity must be related to the porous structures of the polymers. Poly(ionic liquid)s with a porous structure exhibit a higher surface area than those with a non-porous structure. This indicates that porous polymers with a well-developed porous structure should exhibit a good adsorption performance which is consistent with the scanning electron micrographs of the poly(ionic liquid)s. Moreover, it would appear that the seed-swelling method has an adverse influence on the original porous structure of P[VBTMA]BF 4 , thereby indicating that the treatment conditions for P[VBTMA]BF 4 and P([AMIM]PF 6 -AN) should be changed in order to be suitable for the preparation of these materials. A detailed investigation of porous P[VBTMA]BF 4 is currently in progress. Moreover, it has been reported that cations present in the poly(ionic liquid)s play a major role in determining their CO 2 adsorption properties, whereas anions are the decisive parameter in ionic liquids. The effect of the anions on the CO 2 adsorption capacity of the poly(ionic liquid)s is also listed in Table 1 . Thus, the CO 2 adsorption capacity of the imidazolium-based polymers was dependent on the type of anion present, being 0.32 wt% for P([AMIM]BF 4 -AN) and 0.22 wt% for P([AMIM]PF 6 -AN), respectively. This trend is the same as reported by Tang et al. (2005a,b) . However, the effect of the cations on CO 2 sorption is not clearly defined since the ammonium ionbased polymer had a higher CO 2 adsorption capacity than P[VBTMA]BF 4 with a porous structure.
Relationship between pore-size distribution (PSD) and CO 2 adsorption capacity
The pore-size distributions (PSDs) of the various samples were calculated via the DFT model in order to investigate the effect of PSD on the CO 2 adsorption property of the polymers. The values of the PSDs and the cumulative specific surface areas of the polymers are all listed in Table 2 . As can be seen from the table, the PSDs of all the samples were mainly concentrated in the 0.4-0.8 nm range. The adsorption capacities of the particles towards CO 2 increased as the cumulative specific surface areas increased. Thus, the CO 2 sorption capacities of the porous poly(ionic liquid)s examined in the present study depended on both the PSDs and the cumulative specific surface areas, with the PSDs of the particles being mainly concentrated in 0.4-0.8 nm range and with a larger cumulative specific surface area resulting in a better adsorption capacity.
In fact, the two-step swelling method is mainly used for the preparation of porous polystyrene polymers, with the solubility of the resulting polystyrene particles in different swelling agents being the main factor influencing the pore size. Thus, the pore size exhibits a clear decrease as the solubility of the polystyrene in the swelling agent diminishes (Wang et al. 2007 ). Hence, it is reasonable to assume that any differences in PSD among the porous poly(ionic liquid)s may be associated with solubility of the polymerization seed particles in the swelling agent employed.
CONCLUSIONS
A two-step swelling method was used for preparing porous imidazolium-based P([AMIM]BF 4 -AN), P([AMIM]PF 6 -AN) and ammonium-ion based P[VBTMA]BF 4 particles. These various polymers were specifically designed for CO 2 adsorption. The seed-swelling method was found to be more effective for the preparation of P([AMIM]BF 4 -AN), with the CO 2 sorption capacity of the polymer treated with a pore-forming agent increasing to 1.43 wt% at 0 °C and 0.101 MPa. The CO 2 adsorption capacity of porous P([AMIM]PF 6 -AN) was virtually the same as that of the corresponding non-swelling copolymer. With P[VBTMA]BF 4 , the CO 2 adsorption capacity of the particles generated by the seed-swelling method was substantially smaller. Polymers having a poresize distribution (PSD) mainly in the 0.4-0.6 nm range and larger cumulative specific surface area exhibited a better adsorption capacity towards CO 2 . 
